A commercial Trikon Technologies, Inc. Pinnacle 8000 helicon source plasma system for semiconductor etching was characterized with a radio frequency compensated Langmuir probe. The plasma parameters, including electron temperature, ion and electron density were measured with changes in the process conditions. The coil current ratios for constant magnetic fields were varied to demonstrate flexibility to form uniform ion current densities in the plasma. The electron energy distribution functions were measured and indicate a two-temperature plasma near the wafer surface.
Introduction
Process characterization is useful to relate the macroscopic controls (knobs) of a system to the microscopic parameters. For example, a general trend is an increase in ion density (microscopic parameter) in a plasma as source power (macroscopic knob) increases. Bridging the macroscopic world with the microscopic world affords the possibility of fine control, as opposed to coarse control achieved by manipulating only macroscopic variables. Feedback control between microscopic parameters and macroscopic knobs can be employed to provide closed loop control [1] [2] [3] [4] . Once closed loop control is established, feedback and system response times will limit the degree of real-time process control.
The semiconductor industry can be improved through process control from the perspective of process repeatability and reproducibility.
Focusing on plasma etching, repeatability problems are related to the components used to control the macroscopic variables (source power, gas flows, pressure, wafer bias, temperature, . . .) [3, 5] . The component repeatability problems relate directly to microscopic parameter variation (e.g., ion and neutral chemistry: electron energy distribution, ion density, electron temperature, and plasma potential). Reproducibility problems, on the other hand, are related to the variation between seemingly identical process tools from the same manufacturer. This results in the inability to transfer processes from one tool to another without significant process development. To begin to solve either repeatability or reproducibility problems, monitoring of the microscopic parameters and employing feedback control to the macroscopic knobs must be investigated. More clearly, it is best to allow the microscopic parameters to determine the state of the system and to adjust the macroscopic knobs accordingly [6] .
Applying the concept of relating the micro-world with the macro-world to semiconductor processing, it is conceivable that process characterization will supply information pertinent to process control [1, 4, 7] . An example is the work of Ding et al [8] , where etch rates were directly related to the measured plasma parameters (ion energy flux or atomic neutral density) and not directly related to the system parameters (power, pressure, flow, dc self-bias). While such an example is interesting, there remain many steps (barriers) before plasma monitoring is used for process control. As a point of reference, the SIA Roadmap [9] strongly suggests the future need for process control. It is stated that the future of the semiconductor industry involves reduced device dimensions, higher packing densities, greater than four levels of interconnect, increased die size and larger wafer diameters [9] . All of these future inclusions result in a significant capital expenditure with a large risk on the return on investment (ROI). The risk on ROI is partially related to process uniformity problems in the present carrying over to (and intensifying) in the future. This trend was observed in the transition from 150 mm to 200 mm diameter wafers. In summary, the learning towards finer control of present processes will help reduce the ROI risk in the future.
The present study pertains to a capable plasma source for future device processing. Helicon source plasmas can provide plasma density uniformity over large areas. Various groups [10] [11] [12] [13] [14] have demonstrated plasma density spatial uniformity control with a B-field. Plasma uniformity is critical as it relates to surface etch uniformity [8] . The focus of the present work is to characterize a plasma process tool and relate the plasma parameters to the macroscopic knobs. The plasma characterization was accomplished with an RF compensated single Langmuir probe. The results of the spatial trends of the plasma characterization were used as a guide to evaluating plasma source performance in terms of electron temperature, ion density and plasma uniformity near the wafer surface. The electron energy distribution function is measured, as it is useful for modelling the plasma chemistry during semiconductor processing. 
Experiment
The plasma processing system investigated in this study was a Trikon Technologies, Inc., Pinnacle 8000. The Pinnacle 8000 is a single wafer, multichamber and high density plasma (HDP) etch tool. This system is used to etch various thin films during semiconductor fabrication. Wafers entered the tool through a load-lock and were passed to the process chambers through a central wafer handling chamber. In this configuration, the process chambers were not vented to atmosphere for wafer transport. The load-locks were pumped to <10 −2 Torr before wafer transfer. The central wafer handling system base pressure was 4 × 10 −5 Torr. The base pressure of the process chamber was 2×10 −6 Torr. Displayed in figure 1 is a partial cross-sectional view of the process chamber. The distance between the interface of the quartz bell jar and the chamber to the wafer surface was 187 mm. For comparison, if we consider collisions with neutrals, the mean free path for Ar atoms at 10 mTorr is 5 mm, 7 mm for Ar + and 28 mm for electrons. A throttle valve, pressure transducer and turbo molecular pumping were used to achieve process pressure. The Ar was introduced to the chamber through a mass flow controller.
The plasma source consisted of a two-loop antenna where the loops were separated and axially symmetric on the outside of a quartz bell jar. The plasma source was located on the top of the process chamber as indicated in figure 1 . The ignition of the discharge was accomplished by applying RF power at 13.56 MHz to the antenna. The electromagnets indicated in figure 1 accomplish two objectives: (i) the formation of a magnetic (B-) field to launch an m = 0 helicon wave, and (ii) a divergent B-field at the interface of the bell jar and chamber for manipulating plasma uniformity [15] . The physics of helicon waves, discharge equilibrium, helicon plasma sources, multimode helicon sources, magnetic field distribution and downstream physics is described in previous work [14, [16] [17] [18] [19] [20] [21] [22] [23] .
The ranges for the process parameters investigated was as follows: process pressure, 4-40 mTorr; source power, 500-2000 W; B-field strength, 75-165 Gauss, and gas flow, 100 sccm Ar. The wafers used throughout this study were 150 mm diameter bare-Si(100) substrates.
The plasma parameters measured include the electron temperature (T e ), electron density (n e ), ion density (n i ) and ion saturation current (J i ). The electron energy distribution function (EEDF) was measured in selected cases. The time averaged plasma parameters were measured with an RF compensated single Langmuir probe [24] . The theory of Langmuir probes has been described in detail elsewhere [25] [26] [27] [28] [29] . The Langmuir probe used in this work is represented in figure 2 . The Langmuir probe system consisted of a W probe tip, stainless steel high frequency compensation electrode, ceramic rod, stainless steel reference electrode and a vacuum flange including electrical feedthroughs. The entire system was attached to a linear translator used for spatial plasma measurements over a range of 250 mm (resolution ±1 mm). The radial coordinate system for this work is that of the linear translator and for purposes of comparison to the wafer coordinate system, the figures are appropriately labelled. The data-sampling rate was 150 kHz, the voltage resolution was 25 mV (reference and tip) and the current resolution was 0.1 µA. Each I -V scan in this paper was constructed from three samples per applied voltage value. The RF compensation of the Langmuir probe measurements was accomplished in two ways: (i) high frequency V p (plasma potential) measurement and (ii) low frequency filtering. To obtain V p the compensation electrode was capacitively coupled to the probe tip. The probe was then floating and oscillating to which the applied probe voltage was referenced. Taking the second derivative of the I -V scan, the zero was taken to be the measured (time averaged) V p . The current collected during the applied voltage sweep was reflected in the floating potential of the reference probe. The change in the reference V f (floating potential) was a result of the change in V p caused by the applied voltage sweep. The low frequency filtering was necessary to obtain V f and was used to modulate V p . This correction provided the probe bias with respect to V p . Finally, the time averaged EEDF was recovered using the corrected I -V scan. A noncompensated Langmuir probe was used to measure the effects of rf on the I -V characteristics. The skewing of the I -V scan was used to estimate the spread in V p through the rf cycle [30] . For the process conditions reported here, the range of values for V p was 8 to 12 V. The Langmuir probe tip dimensions were 3.8 mm in length and 0.19 mm in radius as indicated in figure 2. The figures of merit for the probe-plasma interaction are the Debye length and sheath thickness [26] . The collisionless sheath model is accepted for high-density plasmas at low pressure. At low pressure (4 mTorr), these quantities are not strongly coupled to the B-field. Presented in table 1 are the Debye length, estimated sheath thickness and ratio of the probe radius to sheath thickness at 4 mTorr. The data in table 1 indicate that the theory for cylindrical Langmuir probes must be used since R p /l s is significant.
The W probe tip was cleaned in situ prior to each measurement. The power applied to the probe tip was 488 mW, which resulted in a red-orange glow of the tip. After cooling for 10 ms the I -V scan was recorded. The Langmuir probe was located ∼30 mm above the wafer surface. The proximity is indicated in figure 1 . 
Results and discussion

Ground rod experiments
The current path for the Langmuir probe measurements was from the power supply, through the probe tip, through the plasma and finally to ground. For the Trikon system investigated here, the plasma in the chamber was confined from the walls by permanent magnets, i.e., multipole confinement. Therefore, the ground return through the plasma for Langmuir probe measurements was either through cusps in the permanent B-field or to some other ground in contact with the plasma [30] . To test whether there was sufficient ground return for electrical characterization of the plasma, measurements were made with and without a 100 mm long (1.6 mm diameter) W ground rod directed radially into the chamber from the wall. The location of the ground rod is indicated in figure 1 . The ground rod was positioned in the same radial plane as the Langmuir probe in this orientation. Displayed in table 2 are n i collected at the centre of the chamber. The percentage difference in the measurements obtained with and without the ground rod for two processing conditions was between 13% and 45% for n i . These differences are significant. Presented in table 3 are a record of repeated measurements of n e (determined from the electron saturation current) and n i collected with and without the ground rod. The difference between n e and n i collected without the ground rod suggests that the imbalance may be due to a poor ground return through the plasma. In general, the ground area should be 1000 times greater than the probe tip area [31] . This condition is necessary to balance the ion and electron currents drawn from the plasma; otherwise the I -V characteristic is perturbed. In this case, the ratio of the ground rod area to the probe tip area was 222. With this modest improvement in ground area the balance between n e and n i was drastically improved from >80% to <4%. Finally, the ground rod was moved to the optical port (indicated in figure 1 ) which was not in the same radial plane as the Langmuir probe. The percentage difference in the measurements, between the ground rod locations, for n i was 6.5 and 5.3%, respectively. These values are within experimental error for measurements with Langmuir probes. Therefore the ground rod was placed in the chamber for the characterization of the helicon source plasma. Table 3 . Comparison of ion and electron density 'balance' with and without the ground rod in the chamber. 
Constant magnetic field experiments
The electromagnets around the antenna were used to vary the B-field necessary to launch the m = 0 helicon wave and for radial plasma uniformity control. The process variables investigated initially were pressure and source power for no RF bias on the wafer. In this case, the wafer, and more specifically the electrostatic chuck upon which the wafer rests, was capacitively coupled to ground. The Langmuir probe was operated in the spatial scan mode that began near the chamber wall (70 mm) and extended to the centre of the chamber (250 mm). In this orientation, the reference probe entered the bulk plasma (or became effective) when the probe tip reached 160 mm. Displayed in figure 3 are spatially resolved ion saturation current (J i ) measurements for different sets of plasma conditions. The solid curve corresponds to 4 mTorr and the dashed curve corresponds to 40 mTorr. The other process conditions were source power: 1000 W, B-field: 123.5 G and no wafer bias. The average J i is denoted by J i and is calculated between 100 and 250 mm. This range was chosen to suppress multipole confinement and wall effects contributing to the plasma non-uniformity. The percentage non-uniformity of J i over the same region is calculated from one standard deviation (σ ) over the mean; i.e. 1σ/ J i . A uniform J i corresponds to a small value of 1σ/ J i . At The spatial trend at 4 mTorr was constant compared to 40 mTorr which was increasing from edge to centre. These trends were captured in the 1σ/ J i values. Superimposed in figure 3 are three half wafer diameters at present used in semiconductor manufacturing; 150 mm, 200 mm and 300 mm. The J i and 1σ/ J i values, averaged between 100 and 250 mm, were computed for comparison to 300 mm diameter wafers for future processing.
The T e and n i were calculated from the I -V characteristics [25] [26] [27] [28] [29] for various processing conditions. Displayed in figure 4 is the average T e , T e , as a function of pressure for a source power of 2000 W. The T e decreased with increased pressure. The T e was insensitive to source power in the range 500 to 2000 W. Figure 5 represents the average n i , n i , for the same process conditions as figure 4. The n i increased with increased pressure.
The data in figure 4 imply that the average kinetic energy of electrons decreased with increased pressure. Physically, the electrons cannot acquire as much energy from the RF field as a result of increased collisions with neutrals (decreased mean free path). In contrast to the behaviour of T e , n i increased with increased pressure (see figure 5 ). These data are consistent with the measurements of plasma density by Giapis et al [34] , Chen [11] and Nakano et al [35] . The authors of [34] calculated the electron density from microwave interferometer phase shifts. Their data indicated that the electron density increased with increased pressure in the range 0.5 to 4.88 mTorr. Chen [11] measured the plasma density with a Langmuir probe. Chen's results indicated that the plasma density increased with increased pressure up to 60 mTorr. For pressures >60 mTorr, n i decreased. These two regions, first increasing and then decreasing of n i trends with increasing pressure, can be explained as follows. In the first region, the increased production of ions with increasing pressure is related to an increase in the electron-neutral collision frequency. In the second region, as pressure increases, electron-neutral collisions increase the electron drift across B-field lines thus increasing the rate of ion loss through the B-field. More clearly, at higher pressures (>60 mTorr) ion diffusion across the multipolar confinement field dominates [35] . Therefore, in the high pressure regime, the ion density decreases with increasing pressure. We interpret this to mean that the pressure limited the antenna power coupling. The excess power likely couples to the background gas thus heating the neutrals.
Coil current ratio experiments
The effectiveness of the use of the inner and outer currents in the electromagnet to control plasma uniformity was tested for three B-fields (75, 120 and 165 Gauss). The ratio of currents (α), defined as the inner over the outer coil current, was varied as the B-field was held constant. The process conditions were 2000 W source power, 100 sccm N 2 , 4 mTorr and no sample bias. In this case only, N 2 was substituted for Ar since molecular plasmas are more common in semiconductor manufacturing. The 1σ/ J i values were calculated and the results are displayed in table 4. The data indicates that the percentage non-uniformity of the plasma is lowest for 120 G and α 1.0. The results are similar for 750 and 1000 W of source power. The conclusion is that keeping the processing conditions (B-field, pressure, flow, source power and wafer bias) constant and varying the ratio of currents in the electromagnets can optimize plasma uniformity. 
EEDF experiments
The time averaged EEDF was measured at the centre of the chamber (250 mm). Displayed in figure 6 are the EEDFs for a source power of 2000 W with no wafer bias and a B-field of 123.5 G. The overall shape of the distributions is a result of the superposition of two Maxwellians [32, 33] . Comparing to EEDFs collected at 750 W (not shown here), the entire population of electrons is higher for 2000 W. Table 5 lists the plasma parameters determined from each of the EEDFs where E is the average energy. Concerning the superposition of Maxwellians, it appears that the cooler electrons have T e 1 eV. These lower energy electrons are a result of the Ramsauer-Townsend effect which is characterized by electrons with long mean free paths (they suffer few collisions) that do not absorb significant RF energy [32, 33] . There was no hot electron tail observed in our experiments. These EEDFs are complementary to modelling studies for employing helicon plasma sources for semiconductor etching.
Conclusions
The use of a ground rod was proven necessary for correct measurements of plasma parameters in systems employing multipole confinement. We have demonstrated the ability to establish plasma uniformity of an m = 0 helicon plasma with a non-uniform B-field. The plasma measurements at 2000 W, 123.5 G, 4 mTorr and no wafer bias exhibit a uniform ion current density. Also, the plasma uniformity can be varied using the coil current ratio for a constant B-field. The time averaged EEDF was measured and will be useful for bulk plasma and plasma-surface interaction modelling. The measured EEDF for the helicon system has the same signature, but higher magnitude, as measured for a low pressure rf inductive Ar discharge by Godyak et al [32] . The EEDF is useful in the determination of plasma chemistry during etching.
The chamber design of future plasma etch systems should include the flexibility for plasma characterization. The two most common modes of plasma characterization are engineering mode and monitoring mode. Engineering mode refers to process development and troubleshooting. Monitoring mode refers to fault detection and process control strategies for both equipment and process. Both modes of operation are essential to maintaining stable processes. A reasonable first step toward this goal is access to the equipment to use plasma characterization for process qualification in addition to the conventional wafer level checks (e.g., etch rate, uniformity and feature size). Furthermore, the ability to collect tool state information from the equipment controller is useful for early warnings of hardware failures. Combining process, wafer and tool state data equips the process engineer with the information necessary to develop stable plasma etch processes, fault detection strategies and process control algorithms.
The Ar plasma data presented here give confidence that helicon plasma sources will be used in the future of semiconductor processing. The high density and uniformity over large distances at low pressure suggests utility in making the transition from 200 mm to 300 mm diameter wafers. Finer linewidth control may be likely at slightly higher pressures as transverse ion energy is reduced by collisional processes [35] .
